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-We recently proposed a role for the two-pore-domain K ϩ (K2P) channel Trek-1 in the regulation of cytokine release from mouse alveolar epithelial cells (AECs) by demonstrating decreased interleukin-6 (IL-6) secretion from Trek-1-deficient cells, but the underlying mechanisms remained unknown. This study was designed to investigate the mechanisms by which Trek-1 decreases IL-6 secretion. We hypothesized that Trek-1 regulates tumor necrosis factor-␣ (TNF-␣)-induced IL-6 release via NF-B-, p38-, and PKC-dependent pathways. We found that Trek-1 deficiency decreased IL-6 secretion from mouse and human AECs at both transcriptional and translational levels. While NF-B/p65 phosphorylation was unchanged, p38 phosphorylation was decreased in Trek-1-deficient cells, and pharmacological inhibition of p38 decreased IL-6 secretion in control but not Trek-1-deficient cells. Similarly, pharmacological inhibition of PKC also decreased IL-6 release, and we found decreased phosphorylation of the isoforms PKC/PKD (Ser 744/748 ), PKC, PKC␦, PKC␣/␤II, and PKC/, but not PKC/PKD (Ser 916 ) in Trek-1-deficient AECs. Phosphorylation of PKC, a Ca 2ϩ -independent isoform, was intact in control cells but impaired in Trek-1-deficient cells. Furthermore, TNF-␣ did not elevate the intracellular Ca 2ϩ concentration in control or Trek-1-deficient cells, and removal of extracellular Ca 2ϩ did not impair IL-6 release. In summary, we report the expression of Trek-1 in human AECs and propose that Trek-1 deficiency may alter both IL-6 translation and transcription in AECs without affecting Ca 2ϩ signaling. The results of this study identify Trek-1 as a new potential target for the development of novel treatment strategies against acute lung injury.
Trek-1; interleukin-6 tumor necrosis factor-␣; lung; cytokines; calcium; epithelium; acute lung injury; acute respiratory distress syndrome ACUTE LUNG INJURY (ALI) and acute respiratory distress syndrome (ARDS) remain devastating illnesses in both adult (47) and pediatric populations (62) . Treatment and complications of ALI/ ARDS pose a significant burden on our health care budget and, therefore, the development of new therapeutic strategies represents a major research interest. The main treatment strategies for ALI/ARDS consist of mechanical ventilation and oxygen supplementation (16) . While potentially life-saving, both therapies accentuate further lung injury and promote the release of proinflammatory cytokines into alveoli (1, 17) .
In particular, tumor necrosis factor-␣ (TNF-␣) and interleukin-6 (IL-6) are found abundantly in bronchoalveolar lavage (BAL) fluid from patients with ALI (17) and are associated with increased mortality in this population (27, 36) . In addition to inflammatory cells, alveolar epithelial cells (AECs) are another source for cytokine secretion (11, 50) . From studies in macrophages, neutrophils, and mast cells, we learned that changes in the cell membrane potential commonly precede secretory events (21, 30) , but the mechanisms regulating inflammatory cytokine secretion from AECs remain poorly understood. As in many biological systems, opening of Ca 2ϩ channels is thought to cause membrane depolarization and mediator secretion (35, 57) , whereas opening of K ϩ channels is generally associated with membrane repolarization and stabilization of the resting membrane potential (29, 40) . A relatively new family of K ϩ channels, two-pore-domain K ϩ (K2P) channels, are strong candidates as important regulators of the cell membrane potential (4) . In general, K2P channels conduct "background" or "leak" currents that lead to membrane repolarization and reestablishment of the resting membrane potential (28) . However, little is known about the regulation and potential function of K2P channels in the lung. We recently reported the expression of the K2P channels Trek-1, Trek-2, and TRAAK in AECs and proposed a role for Trek-1 in TNF-␣-induced cytokine and chemokine secretion (49) . In this study, we focus on investigating the signaling mechanisms that lead to decreased IL-6 secretion from Trek-1-deficient AECs. We demonstrate, for the first time, that the decrease in TNF-␣-induced IL-6 release from AECs is due to alterations in IL-6 gene transcription and protein translation in Trek-1-deficient cells, and that TNF-␣-induced IL-6 secretion from AECs can occur independently of the intra-and extracellular Ca 2ϩ concentration.
MATERIALS AND METHODS
Cell culture. MLE-12 mouse and human A549 AECs were purchased from the American Type Culture Collection (ATCC, Manassas, VA). Cells were cultured in DMEM (GIBCO, Carlsbad, CA) supplemented with 10% FBS (GIBCO), 1% penicillin/streptomycin (GIBCO), 20 mM HEPES (Sigma Aldrich, St. Louis, MO), and 2 mM L-glutamine (GIBCO). Once cells were 80 -90% confluent they were treated with TNF-␣ (5 ng/ml; R&D Systems) at 37°C. Cell viability was determined to be Ͼ90% under all conditions by Trypan blue staining.
Development of a stable Trek-1 short-hairpin RNA-transfected A549 cell line. Similar to our previously described Trek-1-deficient MLE-12 cell line (49), we developed a stable Trek-1-deficient A549 cell line using a commercially available pRFP-C-RS vector (Trek-1 specific probe no. FI348008; control scrambled peptide no. TR30015; Origene) following the manufacturer's instructions. Details of the vector containing the control plasmid and Trek-1 short-hairpin RNA (shRNA) can be obtained from the company website (origene.com/ rna/vector_information.mspx). Briefly, cells were cultured to 50% confluence before transfection using a TurboFectin 8.0-based transfection system (TF81001; Origene). Stable clones containing Trek-1 shRNA were selected and propagated in puromycin-containing culture medium. Knockdown of Trek-1 protein was confirmed by Western blotting and immunostaining using confocal microscopy.
Confocal microscopy. We seeded 8 ϫ 10 4 cells on sterile acidtreated glass cover slips (Fisher Scientific, Fair Lawn, NJ) and cultured the cells to 80 -90% confluence. Cells were then fixed with 4% paraformaldehyde containing 0.2% Triton X-100 for 5 min at 4°C and blocked with 2% BSA containing 0.2% Triton X-100 for 30 min. The cover slips were incubated with antibodies against Trek-1 (1:500; Alamone Labs) overnight at 4°C. The following day, the samples were incubated with an Alexa Fluor 488 goat anti-rabbit IgG secondary antibody (1:500; Molecular Probes) for 30 min at room temperature. Nuclear staining was obtained using Fluoro Gel II mounting medium containing DAPI (Electron Microscopy Sciences, Hatfield, PA). As a negative control, a species-specific IgG antibody was substituted for the primary antibody.
Images were acquired using the Zeiss 710 confocal imaging system available in the Department of Physiology at the University of Tennessee Health Science Center. Emitted fluorescence was collected using a ϫ63 magnification objective lens (NA 1.4 oil), and the images were recorded using Zen 2009 Light Edition software (Zeiss).
Western blot analysis. Antibodies were purchased from the following companies and used in the dilutions recommended by the manufacturers: Trek-1 (1:500; Santa Cruz), TNF-␣ receptor-1 (1:1,000, TNFR1; Abcam), total NF-B/p65 (1:1,000; Cell Signaling), phospho-NF-B/p65 (1:1,000; Cell Signaling), total p38 (1:1,000; Cell Signaling), phosphop38 (1:1,000; Cell Signaling), and a isoform-specific phospho-PKC antibody sampler kit (Cell Signaling) containing antibodies against the phosphorylated PKC isoforms (Ser 744/748 ), (Ser 916 ), , ␦, ␣/␤II, and /. GAPDH (1:2,000; Cell Signaling) was used as a loading control. Initially, 8 ϫ 10 4 cells were seeded into 12-well tissue culture plates (MidWest Science, St. Louis, MO). Once cells reached 80 -90% confluence, they were lysed on ice in RIPA buffer (50 mM Tris·HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, and 0.1% SDS) with a protease inhibitor cocktail (Roche, Burlington, NC). Lysates were centrifuged at 4°C and 17,000 g for 15 min, and total protein concentrations were measured using the Bradford assay (BioRad, Hercules, CA). A total of 45-60 g protein of each sample was separated by SDS-PAGE on 4 -12% NuPage Bis-Tris gradient gels (Invitrogen) and transferred onto nitrocellulose membranes at 35 mV for 2 h. All membranes were blocked in 5% nonfat dry milk in Tris-buffered saline (Bio-Rad) containing 0.1% Tween 20 for 1 h at 37°C. The membranes were then incubated overnight with the indicated primary antibodies at 4°C. The next day, membranes were incubated for 1 h with the following secondary antibodies: for Trek-1 we used an anti-goat horseradish peroxidase (HRP)-conjugated IgG antibody (1:5,000; Santa Cruz); for TNFR1, total NF-B/p65, phospho-NF-B/p65, total p38, phospho-p38, phospho-PKC; for the antibodies contained in the anti-phospho-PKC isoform sampler kit and for GAPDH we used an anti-rabbit HRP-conjugated IgG (1:5,000; Cell Signaling). Bands were visualized by enhanced chemoluminescence with ECL SuperSignal West Dura Extended Duration Substrate (Thermo Scientific, Rockford, IL). Band densitometry measurements to determine relative quantities of protein were performed using ImageJ (catalog no. 21068 -028; GIBCO) supplemented with 10% FBS (GIBCO), 1% penicillin/streptomycin (GIBCO), 20 mM HEPES (Sigma Aldrich), and 2 mM L-glutamine (GIBCO) during TNF-␣ stimulation. Cell viability was assessed after 6 and 24 h using Trypan blue staining and was consistently Ͼ90%. Furthermore, total intracellular protein concentrations were measured in each experiment using the Bradford assay and remained consistent under all experimental conditions, suggesting that no unspecific leakage of intracellular proteins occurred. Supernatants were collected at 6 and 24 h, and IL-6 concentrations from MLE-12 and A549 cells were determined using BD Bioscience OptEIA species-specific IL-6 ELISA kits. Gene expression by real-time PCR. Total RNA was isolated from 2 ϫ 10 6 MLE-12 cells using a High Pure RNA Isolation Kit (Roche Applied Science, Mannheim, Germany) according to the manufacturer's instructions. Single-stranded DNA was synthesized from 1 g total RNA, and Reverse Transcription PCR was performed using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems) according to the manufacturer's instructions. Real-Time PCR was performed using a TaqMan Gene Expression assay (Invitrogen). Primer sets for human IL-6 were purchased from Cell Signaling. In preliminary experiments we confirmed that hypoxanthine-guanine phosphoribosyltranserase (HGPRT) levels were unchanged between control and Trek-1-deficient A549 cells, and, therefore, IL-6 mRNA levels were normalized to HGPRT expression. All experiments were repeated a minimum of three times, and each sample was run in triplicates.
Fura 2-AM Ca 2ϩ measurements. For continuous fura 2-AM fluorescence measurements, 3 ϫ 10 5 MLE-12 cells or 2 ϫ 10 5 A549 cells were seeded into no. 0 thickness uncoated glass-bottom microwell dishes of 20 mm diameter (MatTek, Ashland, MA) and grown to 70 -80% confluence. Cells were then serum starved for 12 h and washed with HBSS buffer before incubation in HEPES-buffered solution (in mM: 134 NaCl, 6 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose, with pH adjusted to 7.4 with NaOH) containing the ratiometric fluorescent Ca 2ϩ indicator fura 2-AM (5 M; Sigma) and 2% pluronic F-127 (Sigma) for 45 min at room temperature, followed by a 20-min wash. Fura 2-AM-loaded cells were alternately excited at 340 or 380 nm using a PC-driven Hyperswitch (Ionoptix). Background-corrected ratios were collected every 1 s at 510 nm using a Dage MTI iCCD camera and Ionwizard software (Ionoptix) (61) . Changes in the intracellular Ca 2ϩ concentration were analyzed by calculating the fura 2-AM ratio at 340 nm emission to 380 nm emission.
For experiments where fura 2 fluorescence was recorded after 6 h of TNF-␣ stimulation, 2 ϫ 10 4 cells/well were seeded into 96-well plates and grown to 80 -90% confluence in phenol red-free culture medium (GIBCO). Cells were serum-starved for 12 h before fura 2-AM loading (5 M) with 2% pluronic F-127 for 45 min at room temperature in Krebs buffer. Cells were treated with TNF-␣ (5 ng/ml for 6 h before fluorescence determination) and/or ATP (10 M, added immediately before fluorescence determination; Sigma), and fluorescence data were collected over a 70-s reading window using an automated FlexStation 3 spectrophotometer with SoftMax Pro software (Molecular Devices) to calculate 340/380 nm fluorescence ratios.
Statistical analysis. All values were expressed as means Ϯ SE. Student's t-test was used to compare means of two different groups. Real-time PCR data were analyzed using the ⌬⌬Ct method, and a change in gene expression greater than twofold was considered significant. Additionally, in cytokine and phosphorylation studies, ANOVA was used to compare means of different groups. All statis-tical analyses were performed using SigmaStat 3.5 software, and P Ͻ 0.05 was considered significant.
RESULTS

Validation of a stable human Trek-1 shRNA-transfected A549 cell line.
We previously reported decreased IL-6 release from Trek-1-deficient mouse AECs (MLE-12) after 24 h of TNF-␣ stimulation (49) . In this study, we further investigated the time course of IL-6 secretion from both mouse and human AECs after TNF-␣ stimulation. For this purpose, we developed a stable Trek-1 shRNA-transfected A549 cell line. Figure 1A shows a representative Western blot experiment depicting decreased Trek-1 protein expression in Trek-1-deficient A549 cells, and Fig. 1B shows densitometry analysis of three representative experiments demonstrating a decrease in Trek-1 protein expression of 63% in Trek-1 shRNA-transfected cells. A representative experiment showing decreased Trek-1 immunostaining (green) in Trek-1-deficient cells using confocal microscopy is shown in Fig. 1C .
IL-6 release was decreased in Trek-1-deficient AECs. We studied baseline and TNF-␣-induced IL-6 release from both mouse MLE-12 ( Fig. 2A ) and human A549 (Fig. 2B ) cells. To determine the time course of IL-6 release, we focused on an early time point (6 h) and a later time point (24 h). A TNF-␣ dose of 5 ng/ml was chosen as a stimulus based on the results obtained in our previous study (49) . Stimulation of control cells with TNF-␣ increased IL-6 release from both MLE-12 and A549 cells in a time-dependent manner. Of note, the amount of IL-6 released from A549 cells was consistently higher than from MLE-12 cells at both time points. Similar to control cells, TNF-␣ induced IL-6 release from Trek-1-deficient MLE-12 and A549 cells. However, TNF-␣-induced IL-6 secretion from both Trek-1-deficient cell lines was decreased at the 6-and 24-h time points compared with their respective controls transfected with a scrambled peptide. These results point toward a role for Trek-1 in the regulation of TNF-␣-induced IL-6 release from AECs.
To investigate whether the observed decrease in IL-6 release from Trek-1-deficient cells was due to downregulation of TNF-␣ receptor-1 (TNFR1) expression was unchanged in Trek-1-deficient cells (C; n ϭ 3). Baseline IL-6 mRNA levels were decreased in Trek-1-deficient A549 cells compared with controls (D; 4.5-fold decrease, P Ͻ 0.05, n ϭ 3; we considered a greater than 2-fold change in gene expression as significant). An inhibitor of protein translation, cycloheximide, decreased TNF-␣-induced IL-6 release by Ͼ95% (*P Ͻ 0.05) in both control and Trek-1-deficient cells after 6 h of treatment (E).
TNF-␣ receptors on these cells, we performed Western blot experiments using an antibody against TNFR1 and found no difference in TNFR1 protein expression between control and Trek-1-deficient cells in both MLE-12 and A459 cells (Fig.  2C ). Densitometry analysis of three Western blot experiments confirmed equal expression of TNFR1 protein in both cell types regardless of Trek-1 deficiency (data not shown).
IL-6 release from Trek-1-deficient AECs is regulated at transcriptional and translational levels. To investigate whether the decrease in IL-6 release from Trek-1-deficient cells was caused by alterations in IL-6 gene expression, we measured baseline IL-6 mRNA levels in control and Trek-1-deficient A549 cells using real-time PCR (Fig. 2D) . We found that baseline IL-6 mRNA levels were decreased 4.5-fold in Trek-1-deficient cells compared with controls transfected with a scrambled peptide.
In addition, to evaluate whether the decrease in IL-6 release from Trek-1-deficient cells was due to alterations in IL-6 protein translation, we added an inhibitor of protein translation, cycloheximide, to our cell cultures 1 h before stimulation with TNF-␣ for 6 h (Fig. 2E) . Cycloheximide inhibited IL-6 release in both control and Trek-1-deficient cells by Ͼ95%, suggesting that the majority of the IL-6 protein measured in the supernatants from AECs was newly synthesized and not preformed or stored within the cells.
TNF-␣-induced NF-B/p65 expression and phosphorylation was unchanged in Trek-1-deficient AECs.
To investigate whether the decrease in IL-6 release from Trek-1-deficient AECs was due to alterations in NF-B/p65-dependent signaling pathways, we studied TNF-␣-induced p65 protein expression and phosphorylation in MLE-12 cells using Western blot (Fig. 3A) . Total p65 levels were unchanged between cells transfected with a scrambled control peptide and Trek-1 shRNA-transfected cells both at baseline and during a 6-h time course of TNF-␣ (5 ng/ml) stimulation. Phosphorylation of p65 increased equally after 6 h of TNF-␣ treatment in control and Trek-1-deficient cells compared with their respective controls at time point 0 min. Densitometry analysis of three Western blot experiments and normalization to total p65 protein expression confirmed an equal increase in p65 phosphorylation after 6 h of TNF-␣ stimulation (Fig. 3B ) in control and Trek-1-deficient cells. These results suggest that altered NF-B/p65 signaling is unlikely to be responsible for the decrease in IL-6 secretion from Trek-1-deficient AECs.
TNF-␣-induced p38 phosphorylation was decreased in Trek-1-deficient AECs. To determine whether alterations in p38 kinase signaling were responsible for the decrease in IL-6 release from Trek-1-deficient cells, we measured TNF-␣-induced p38 expression and phosphorylation in MLE-12 cells over a 6-h time period. Using Western blot experiments, we found no changes in total p38 expression between control and Trek-1-deficient cells, but p38 phosphorylation was decreased in Trek-1-deficient cells after 6 h of TNF-␣ stimulation compared with control cells (Fig. 4A) . Densitometry analysis of three experiments and normalization of phosphorylated p38 to total p38 protein band intensities confirmed an increase in p38 phosphorylation after 6 h of TNF-␣ treatment in both control and Trek-1-deficient cells compared with their respective controls at 0 min. However, p38 phosphorylation at 6 h occurred to a lesser degree in Trek-1-deficient cells than in controls (Fig. 4B) .
To evaluate whether impaired p38 phosphorylation in Trek-1-deficient cells could lead to a decrease in IL-6 release, we treated A549 cells with the p38 inhibitor SB-202190 for 30 min before stimulation with TNF-␣ (5 ng/ml; Fig. 4C ). Because p38 phosphorylation occurred after 6 h of TNF-␣ treatment, we chose this time point to study the effects of SB-202190 on TNF-␣-induced IL-6 release. Treatment of cells with SB-202190 before stimulation with TNF-␣ decreased IL-6 secretion from control cells by 46% but did not affect IL-6 release from Trek-1-deficient cells. Addition of SB-202190 to unstimulated control or Trek-1-deficient cells had no effect on baseline IL-6 secretion.
PKC signaling was altered in Trek-1-deficient AECs. PKC is one of the key regulatory kinases in TNF-␣-activated signaling pathways (10, 18, 24) . To determine whether alterations in PKC expression could be responsible for the decrease in IL-6 release from Trek-1-deficient AECs, we studied the effect of the PKC inhibitor calphostin C on IL-6 secretion from control and Trek-1-deficient A549 cells after 6 and 24 h of TNF-␣ stimulation (5 ng/ml). After 6 h of TNF-␣ stimulation, calphostin C decreased IL-6 release from control cells by 40% but showed no further inhibitory effect in Trek-1-deficient cells (Fig. 5A) . After 24 h of TNF-␣ stimulation, inhibition of PKC by calphostin C decreased TNF-␣-induced IL-6 release from control cells by 82% and from Trek-1-deficient cells by 90% compared with TNF-␣ alone (Fig. 5B) . The addition of calphostin C to unstimulated cells had no effect on IL-6 release. Collectively, these data suggest that the regulation of IL-6 release by PKC may be more important at earlier times of TNF-␣ stimulation (6 h) than after 24 h.
Phosphorylation of PKC isoforms was altered in Trek-1-deficient AECs. To determine whether phosphorylation of specific-PKC isoforms was altered in Trek-1-deficient cells, we used Western blot experiments to study the phosphorylation of ), PKC␦, PKC␣/ ␤II, PKC/␥, and PKC. A representative 6-h time course for each isoform in control and Trek-1-deficient MLE-12 cells is shown in Fig. 6 , A-F. Densitometry analyses of five experiments for each isoform are shown in Fig. 6 , G-L. We chose to normalize band intensities of phosphorylated PKC isoforms to GAPDH, since antibodies against all nonphosphorylated PKC isoforms analyzed in this study are not commercially available. In addition, in preliminary experiments we found significant alterations in nonphosphorylated PKC␣ and PKC␤ expression between control and Trek-1-deficient cells (data not shown).
Phosphorylation of PKC/PKD (Ser 744/748 ) was decreased at baseline and after TNF-␣ stimulation in Trek-1-deficient cells (Fig. 6G) , whereas phosphorylation of PKC/PKD (Ser
916
) was unchanged between Trek-1-deficient cells and controls at each time point (Fig. 6H) . Furthermore, TNF-␣ stimulation did not induce phosphorylation of PKC/PKD (Ser 744/748 ) in control cells (Fig. 6G) , whereas phosphorylation of PKC/PKD (Ser 916 ) was increased in control but not in Trek-1-deficient cells after TNF-␣ stimulation compared with their respective controls at time 0 min (Fig. 6H) .
Phosphorylation of PKC␦ was decreased in Trek-1-deficient cells at baseline and after TNF-␣ stimulation compared with controls, and TNF-␣ exposure did not induce PKC␦ phosphorylation in either control or Trek-1-deficient cells compared with their respective controls at time 0 min (Fig. 6I) .
Similarly, phosphorylation of PKC␣/␤II was decreased in Trek-1-deficient cells at baseline and after TNF-␣ stimulation compared with controls, and TNF-␣ treatment did not induce PKC␣/␤II phosphorylation in either control or Trek-1-deficient cells compared with their respective controls at time 0 min (Fig. 6J) .
Phosphorylation of PKC/ was decreased in Trek-1-deficient cells after 2 and 6 h of TNF-␣ stimulation but not at earlier time points, and TNF-␣ treatment induced PKC/ phosphorylation in control but not Trek-1-deficient cells compared with their respective controls at time 0 min (Fig. 6K) .
Phosphorylation of PKC was decreased in Trek-1-deficient cells at baseline and after TNF-␣ stimulation compared with controls, and TNF-␣ treatment increased PKC phosphorylation in control cells but not in Trek-1-deficient cells compared with their respective controls at time 0 min (Fig. 6L) . Despite changes in PKC phosphorylation, total PKC expression was unchanged in control and Trek-1-deficient cells (Fig. 6F) .
Inhibition of PKC decreased IL-6 release from control but not Trek-1-deficient cells.
To further investigate the role of PKC in IL-6 release, we measured IL-6 concentrations in supernatants from A549 cells after 6 h of TNF-␣ stimulation in the presence of a myristolated PKC pseudosubstrate inhibitor (Fig. 6M) . In the presence of the PKC inhibitor, TNF-␣-induced IL-6 release was decreased in control cells but not in Trek-1-deficient cells. Baseline IL-6 secretion from control or Trek-1-deficient cells was not affected by the PKC inhibitor.
TNF-␣ stimulation did not induce a change in the intracellular Ca
2ϩ concentration. In general, mediator secretion from inflammatory cells is thought to be a Ca 2ϩ -dependent process (44, 45) . Therefore, we investigated whether the decreased IL-6 secretion from Trek-1-deficient A549 cells could be the result of acute or delayed alterations in intracellular Ca 2ϩ release mechanisms. Addition of TNF-␣ (5 ng/ml) to fura 2-AM-loaded MLE-12 (Fig. 7A) or A549 (Fig. 7B ) cells had no effect on the intracellular Ca 2ϩ concentration over a 2-h time period. As a control for fura 2-AM loading and cell viability, ionomycin (10 M) was added to both cell types at the end of the experiment and resulted in an immediate elevation in the intracellular Ca 2ϩ concentration as indicated by an increase in the fura 2-AM 340/380 nm ratio. These results suggest that the decreased IL-6 release from Trek-1-deficient cells was unlikely caused by an acute alteration in the intracellular Ca 2ϩ concentration after TNF-␣ stimulation.
To determine whether Trek-1-deficient cells showed delayed alterations in the intracellular Ca 2ϩ concentration after TNF-␣ stimulation (5 ng/ml), we treated control and Trek-1-deficient A549 cells with TNF-␣ for 6 h before measuring the intracellular Ca 2ϩ concentration (Fig. 7C) . Treatment of both control and Trek-1-deficient A549 cells with TNF-␣ alone did not evoke an
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Phospho-p38 (Fig. 7D) . Similarly, inhibition of Ca 2ϩ reuptake mechanisms by thapsigargin did not impede TNF-␣-induced IL-6 secretion from either control or Trek-1-deficient AECs (Fig. 7E) . Collectively, these data suggest that IL-6 secretion can occur independently of the extracellular and intracellular Ca 2ϩ concentration in both control and Trek-1-deficient AECs and that an alteration in Ca 2ϩ signaling mechanisms was unlikely to account for the decrease in IL-6 release from Trek-1-deficient AECs.
DISCUSSION
The mortality rates of patients with ALI and ARDS remain high (47, 62) . Current treatment regimens include mechanical ventilation and oxygen supplementation, although both therapies are known to further propagate lung injury, a finding supported by data recently published by our group (33, 34) . Both therapeutic regimens result in an increase in inflammatory cytokine and chemokine levels, in particular IL-6 and TNF-␣, in the BAL fluid of both animals (39) and patients (17, 36) with ALI/ARDS. However, the specific pathways leading to these findings remain unclear. In our search for new therapeutic approaches for ALI/ARDS, we are particularly interested in elucidating the cellular mechanisms that regulate mediator secretion from AECs. In this study, we showed for the first time expression of the K2P channel Trek-1 in human AECs, and we investigated potential alterations in TNF-␣-induced signaling mechanisms that could result in a decrease in IL-6 secretion from Trek-1-deficient cells. Our previous data had shown a decrease in IL-6 secretion from Trek-1-deficient mouse AECs (49) , but the underlying mechanisms remained unexplored. It is important to note that a unique characteristic of Trek-1 and other K2P channels consists in the fact that these channels are constitutively open, allowing for a continuous potassium efflux or so-called "leak current." In contrast to almost all other channel types, which in a resting cell are constitutively closed, Trek-1 currents and associated downstream signaling may rely more on the presence or absence of such channel proteins than on channel activation. The creation of a mouse and human Trek-1-deficient cell line provides, therefore, a useful tool to study the role of Trek-1 in cell signaling events and cellular effector functions. While possible effects of TNF-␣ on Trek-1 certainly need to be addressed by future studies, the focus of this manuscript concerns the consequences of Trek-1 deficiency on TNF-␣-induced IL-6 secretion.
TNF-␣ is known to exert its proinflammatory effects via several signaling pathways, including activation of the transcription factor NF-B/p65 and phosphorylation of p38 kinase and PKC (24, 43, 56) . We found no differences in the expression or phosphorylation of NF-B/p65 between control and Trek-1-deficient AECs, although TNF-␣ is known to employ NF-B/p65-dependent pathways to promote inflammation in the lung, and activation of NF-B/p65-dependent pathways by a variety of stimuli is required for IL-8 secretion and IL-6 gene expression in lung epithelial cells (46, 56) . Our data confirm that NF-B/p65 phosphorylation occurs in AECs upon TNF-␣ stimulation but suggest that altered expression or phosphorylation of this transcription factor was unlikely the cause for the impaired IL-6 secretion from Trek-1-deficient AECs. It is important to note that NF-B activity is not solely related to p65 phosphorylation and that nuclear translocation and DNA binding provide other levels of NF-B regulation. However, because we did not find any significant differences in NF-B/ p65 phosphorylation at any of the time points studied, we did not further pursue NF-B activation in this study. Interestingly, in an infectious model of alveolar inflammation, inhibition of PKC resulted in decreased NF-B/p65 phosphorylation (14), whereas our data show that NF B/p65 phosphorylation was not altered in Trek-1-deficient AECs despite significant alterations in the phosphorylation pattern of several PKC isoforms. It is also important to recognize that Trek-1 deficiency may affect the function of other transcription factors that could lead to a decrease in IL-6 secretion from AECs. In fact, activating transcription factor-3 (ATF-3) has been reported to regulate IL-6 release from A549 cells (53) . In this study we focused on NF-B/p65 since this particular transcription factor has been associated with increased levels of IL-6 and TNF-␣ in the BAL fluid of rats in an in vivo model of ALI (60) . Further experiments will be necessary to expand our knowledge on potential alterations in the activation of other transcription factors in Trek-1-deficient AECs that may affect cytokine secretion, including ATF-3, C/EBP␤, and specificity protein factor-1 (2, 22) . Importantly, IL-6 mRNA was downregulated at baseline in Trek-1-deficient cells, suggesting alterations in IL-6 synthesis in Trek-1-deficient cells. Whether such changes persist after cytokine stimulation has never been documented and needs to be addressed in future studies. Interestingly, although unstimulated cells secrete only low levels of IL-6 at baseline, the amounts of IL-6 secreted from untreated cells were equal between control and Trek-1-deficient cells. Only stimulation with TNF-␣ uncovered differences in IL-6 secretion as shown in Fig. 2 . It, therefore, appears that Trek-1 may be involved in regulating IL-6 secretion under both baseline and TNF-␣-stimulated conditions. Furthermore, baseline secretion of IL-6 from Trek-1-deficient cells is unlikely related to the observed alterations in p38 or PKC signaling, since inhibitors of these pathways had no effect on baseline IL-6 release. Of importance, an inhibitor of translation, cycloheximide, almost completely abolished IL-6 secretion form both control and Trek-1-deficient cells, suggesting that the majority of IL-6 released from either cell type was newly synthesized rather than preformed.
In contrast to NF-B/p65, phosphorylation of p38 kinase was decreased in Trek-1-deficient cells only after 6 h of TNF-␣ exposure, suggesting that alterations in p38 phosphorylation are unlikely to be regulating IL-6 release occurring before 6 h of TNF-␣ stimulation. Interestingly, we recently found a similar time course of p38 phosphorylation in an in vivo mouse model of ALI (personal communication from Dr. Scott Sinclair). Whether decreased p38 phosphorylation could be responsible for the decrease in IL-6 secretion from Trek-1-deficient cells at later time points needs to be tested in future experiments.
p38 kinase is recognized as one of the key molecules in TNF-␣-activated signaling cascades in airway epithelial cells (8) and is thought to participate in the development of lung inflammation, in part, via regulation of IL-8 gene expression (5, 51) . The important role of p38 kinase in promoting lung inflammation is underscored by the fact that, in addition to NF-B inhibition, decreased activation of p38 kinase is described as one of the mechanisms by which corticosteroids decrease lung inflammation (25) . Interestingly, p38 kinaseindependent IL-6 and IL-8 gene expression has also been reported in lung epithelial cells (23) , implying that the transcription of the IL-6 and IL-8 genes can occur independently of p38 kinase activation but that the secretion of IL-6 and IL-8 protein does require p38 kinase phosphorylation.
In addition to NF-B/p65 and p38 kinase, activation of PKC is one of the cornerstones of TNF-␣ signaling in the lung (6, 42) , and TNF-␣-induced IL-6 secretion in airway epithelial cells is thought to be PKC-dependent (19, 54) . To date, three families of PKC isoforms, including 12 different isoenzymes, have been described in the literature (9) . Interestingly, PKC␦ knockout mice showed decreased levels of IL-6 in their BAL fluid after exposure to asbestos (52) , and inhibition of PKCε resulted in decreased IL-6 release from bronchial epithelial cells (59) . In contrast, PKC-deficient airway epithelial cells produced increased levels of IL-6 (59). Other PKC isoforms have been reported to regulate IL-6 release in tissues other than the lung (26, 55) . Our data suggest that decreased PKC activity may be associated with impaired IL-6 secretion from AECs, as indicated by our data showing inhibition of IL-6 release by the PKC inhibitor calphostin C (Fig. 5) . To further investigate the specific isoforms responsible for the decrease in IL-6 secretion from Trek-1-deficient AECs, we studied the phosphorylation patterns of several PKC isoforms (Fig. 6) . Interestingly, in eosinophils and mast cells, the activation of PKC␤ is thought to be crucial for mediator release (3, 41) . However, our results show that in AECs phosphorylation of PKC may be of particular importance for IL-6 release, since TNF-␣-induced phosphorylation of this isoform appeared intact in control cells but was impaired in Trek-1-deficient AECs, and pharmacological inhibition of PKC decreases IL-6 release in stimulated control cells but not in stimulated Trek-1-deficient cells. Interestingly, PKC is a member of the so-called "novel" PKC isoforms (7) and is a Ca 2ϩ -independent isoform lacking the Ca 2ϩ -binding C2 domain (15) . In turn, PKC has also been reported to regulate the intracellular Ca 2ϩ concentration of T cells (20) . To determine whether the decrease in IL-6 secretion from Trek-1-deficient AECs was caused by altered Ca 2ϩ signaling mechanisms, we measured changes in the intracellular Ca 2ϩ concentration upon TNF-␣ stimulation in control and Trek-1-deficient cells. To our surprise, treatment of AECs with TNF-␣ did not induce an acute or delayed increase in the intracellular Ca 2ϩ concentration, and inhibition of Ca 2ϩ reuptake mechanisms by thapsigargin did not affect IL-6 secretion. Furthermore, the response to ATP, a known stimulus of intracellular Ca 2ϩ release (37) , was unchanged in Trek-1-deficient cells compared with controls. These data suggest that the mechanisms regulating intracellular Ca 2ϩ release were intact in Trek-1-deficient cells and that alterations in these mechanisms were unlikely the cause for the decrease in IL-6 release from Trek-1-deficient AECs. In addition, removal of extracellular Ca 2ϩ from the culture medium did not affect IL-6 release from either control or Trek-1-deficient cells. This is an important finding, since cytokine release is generally thought to be a Ca 2ϩ -dependent process (58) . However, most of the reported studies have been performed in secretory or inflammatory cells (31, 32) , and very little is known about the mechanisms of cytokine secretion from AECs. Influx of extracellular Ca 2ϩ via transient receptor potential channel ankryn 1 channels has been reported to be required for IL-8 secretion from AECs (38) , and Ca 2ϩ influx induced by staphylococcal ␣-toxin appeared necessary for IL-6 release from AECs via activation of Ca 2ϩ -dependent PKC isoforms. Furthermore, nucleotide-induced IL-6 release from airway epithelial cells has been reported to be Ca 2ϩ -dependent (12) . Collectively, these data suggest that the requirement for Ca 2ϩ to induce IL-6 secretion from lung epithelial cells may be stimulus-, and potentially cell type-specific, with significant differences between airway and AECs. Of note, it is important to consider that FBS itself contains Ca 2ϩ , but a solution containing 10% FBS would only contain about 1 mg/dl of Ca 2ϩ (assuming a normal serum Ca 2ϩ concentration of 10 mg/dl), whereas our standard culture medium contained 20 mg/dl of Ca 2ϩ (GIBCO). In conclusion, this is the first report demonstrating Trek-1 expression in human AECs and proposing a potential role for this K2P channel in the development of alveolar inflammation by regulating IL-6 secretion. It is important to recognize that the decrease in IL-6 release from Trek-1-deficient cells may not be limited to stimulation of cells with TNF-␣. Stimulation of Trek-1-deficient cells with other proinflammatory cytokines may result in a similar decrease in IL-6 release, which would make it intriguing to speculate that Trek-1 could be "master regulator" of IL-6 release under both basal and stimulated conditions. Therefore, to clarify whether Trek-1 was directly inhibiting TNF-␣-mediated secretion of IL-6, in future experiments we may investigate whether bypassing this pathway could overcome the suppressive effects of Trek-1 deficiency.
The fact that IL-6 release may occur independently of the extra-and intracellular Ca 2ϩ concentration is particularly important in the search for the underlying mechanisms that lead to decreased IL-6 secretion from Trek-1-deficient AECs. A theoretical model where accumulation of positive K ϩ charges inside Trek-1-deficient cells decreases the driving force for Ca 2ϩ influx (13) resulting in decreased cytokine secretion appears unlikely in the light of our results. Off-target effects of Trek-1 shRNA treatment are unlikely to contribute to our findings, since gene expression of a closely related K2P channel, namely Trek-2, and of an unrelated, Ca 2ϩ -permeable non-K2P channel, transient receptor potential channels of the vanilloid receptor subtype 4, remained unchanged by real-time PCR in both MLE-12 and A549 cells (data not shown). Although further studies are necessary to investigate how Trek-1 deficiency ultimately leads to impaired IL-6 secretion form AECs, Trek-1 may represent a novel therapeutic target to reduce alveolar inflammation.
